We evaluated three exposure models with data obtained from measurements among workers who use "aerosol" solvent products in the vehicle repair industry and with field experiments using these products to simulate the same exposure conditions. The three exposure models were the: 1) homogeneously-mixed-one-box model, 2) multi-zone model, and 3) eddy-diffusion model. Temporally differentiated real-time breathing zone 3 volatile organic compound (VOC) concentration measurements, integrated far-field area samples, and simulated experiments were used in estimating parameters, such as emission rates, diffusivity, and near-field dimensions. We assessed differences in model input requirements and their efficacy for predictive modeling. The One-box model was not able to resemble the temporal profile of exposure concentrations, but it performed well concerning time-weighted exposure over extended time periods. However, this model required an adjustment for spatial concentration gradients. Multi-zone models and diffusion-models may solve this problem. However, we found that the reliable use of both these models requires extensive field data to appropriately define pivotal parameters such as diffusivity or near-field dimensions. We conclude that it is difficult to apply these models for predicting VOC exposures in the workplace. However, for comparative exposure scenarios in life-cycle assessment they may be useful.
INTRODUCTION
For many hazardous chemicals, concentrations and exposures in indoor environments are consistently and significantly higher than in ambient outdoor environments [1] .
Consequently, inhalation intake fractions of indoor emissions can exceed those of outdoor emissions by several orders of magnitude [1] [2] [3] . For example, in vehicle repair shops, solvents in "aerosol" cans are used in large quantities during tasks such as engine 4 repair, brake cleaning, oil changes, etc [4, 5] . This produces exposure to volatile organic compounds (VOCs) among repair technicians, who typically are not protected with engineering controls or personal protective equipment [5] .
Models are helpful for characterizing chemical exposures in the workplace, and are usually applied for interpreting exposure measurements and predicting indoor concentrations. Bulk-mixing models have been applied in occupational hygiene and risk assessment [6] [7] [8] [9] [10] [11] . In cases of incomplete mixing conditions, multi-zone models [7, 8, 12, 13] , diffusion based models [7, 14] or mixing factors applied to the ventilation rate have been used [15, 16] . A problem, however, in using any of these relatively simple models is the scarcity of model performance evaluations that provide insight on their capabilities and limitations. There is a pivotal need for model calibration and evaluation based on actual exposure measurements for specific, well-characterized activities and environments.
In addition to their use in occupational hygiene, exposure models may also be applied in environmental assessments, such as Risk Assessment (RA) and Life-Cycle Assessment (LCA). Health effects from indoor exposures are often neglected in LCA. This shortcoming could lead to product or process optimizations occuring at the expense of workers or consumer health.
Work to address the assessment of indoor occupational exposure in LCA has been initiated by an international expert group working on the integration of indoor and outdoor exposure in LCA, within the UNEP/SETAC Life Cycle Initiative (http://lcinitiative.unep.fr). Hellweg et al. (2008) provided a qualitative assessment of model alternatives and the use of the intake fraction approach to characterize indoor exposures [17] . First case studies applying occupational exposure models in LCA exists [18] . However, an evaluation of these modeling alternatives using exposure measurements has not yet been conducted.
Our goals in this paper are (a) to evaluate modeling alternatives and their capabilities and limitations with regard to occupational exposure questions; (b) to evaluate model performance relative to measurements for a specific and relatively data-rich exposure scenario, and (c) to identify adequate models for standard use in LCA. To achieve this, we provide a qualitative and quantitative evaluation of model alternatives for the case of occupational indoor exposure to VOCs among vehicle repair workers during their use of aerosol spray cans.
METHODS

Models.
The three exposure models we use for this evaluation are a one-and a two-box bulk-mixing model and an eddy-diffusion model. These models are conceptually similar or compatible to environmental exposure models [19] [20] [21] . We provide both a qualitative and quantitative evaluation of the capabilities and limitations of each model and also judge its ability to reconstruct and predict actual exposure situations. Model assessment criteria were fidelity (i.e. ability to represent the exposure situation), reliability (i.e. precision and accuracy), and transparency (i.e. ability in conveying emissions-exposure relationships).
The models used in this study have been described elsewhere [7, 8, 16, 17] . A brief description of the model principles and equations used is included here and in Table 1 . Table 1 also includes model parameter values derived from monitoring data and those obtained by other methods.
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• One-box model: The volume of the workplace is modeled as one homogeneouslymixed box. Concentrations are calculated as a function of emission, ventilation rate, and time elapsed from emission start [7] .
• Two-box model: When concentration homogeneity throughout the setting does not apply, a subdivision into two conceptual homogeneously-mixed zones with zonespecific concentrations can be used to represent near and far-field exposures [7, 16] .
Additional parameters to be quantified include the geometry and size of the conceptual inner zone, as well as inter-zonal air-exchange rates.
• Eddy-diffusion model: This model is based on turbulent diffusion driving mass transport [7, 14] . Concentrations are modeled as a function of distance from source and time from the onset of emissions [16] . The empirically derived diffusivity, D, describes bulk-air movement caused by ventilation, by the motion of the room's occupants or by turbulence within emission phenomena.
Exposure Data and Experimental Set-Up. We set up the models and their evaluation for an occupational setting with extensive field data gathered in vehicle repair shops under actual working conditions (referred to hereafter as "Worker exposure data") [5] and experimetal data gathered under conditions resembling actual work practices in a vehicle repair shop (referred to hereafter as "Experimental data 1") and in the laboratory (referred to hereafter as "Experimental data 2").
Worker exposure data. Wilson et al. [5] employed qualitative and quantitative methods to characterize VOC exposure among vehicle repair technicians during typical repair tasks. They observed nine technicians in three shops (Sites A-C, Tables S1-S3) that used a commercially available "aerosol" product (Product #1) and participated in quantitative exposure measurements. Product #1 contained hexane, acetone, toluene, methanol, MEK, mixed xylenes, isopropanol, and carbon dioxide (Table S4) They performed eight tests over two weekend days at a vehicle repair shop when workers were not present and the shop doors were closed. During these trials, 537 g aerosol spray cans of Product #1 were held at the customary level for brake repair work. At time t = 0 8 s, the aerosol can activator was depressed for 30 s, delivering solvent to the brake assembly at the rate observed in the ten shops (Table S5) . Experimental data 1 measurements were only performed at Site A. Experimental dataset 1 was used to compare exposure measurements to model results.
Experimental data 2. The second set of experiments, Experimental data 2, were developed and conducted in the laboratory to quantify solvent distribution during spraying, solvent emission rates and air velocities at the inter-zonal exchange zone.
Similar to Experimental data 1, spraying cans of Product #1 were used. However, the solvent composition differed (Table S4 ). The vapor pressure of the new formulation was estimated as 81% of the old formulation (Table S4) , and all the expelled solvent evaporated for both solvent mixtures. Therefore, exposure concentration differences resulting from composition differences were not expected and no adjustment corrections were made.
Experimental data 2 measured the fractions of brake cleaner adhering to the brake and lost due to drip-off and overspray. The experimental set up consisted of a 21-cm-diameter ring representing the equivalent brake size [22] , supported on a stand ( Figure S2 ). The ring was covered with Whatman filter paper to retain the solvent. While this may overestimate retention on the brake (due to the absorbance capacity of the paper filter compared to grease on a metal brake) it serves as a bounding estimate of exposure levels.
A 21-cm-diameter dish positioned underneath the ring collected drip-off. Both the simulated-brake construction and collecting dish were placed on separate balances, monitoring weight changes at 1 s intervals, before, during and after spraying while 9 solvent evaporation occurred. The aerosol can was weighed before and after each spraying session, allowing estimation of overspray from the mass balance.
Experimental data 2 also included the air-velocity measurements of the solvent aerosol stream at twelve positions from the source ( Figure S1b ) using a thermal anemometer, VelociCalc Plus (TSI Inc.). Measurements were carried out over 5-s spraying periods.
Finally, the solvent evaporation rate, G evap , was estimated from the decreasing-withtime mass curves from the collecting dish and the simulated-brake. A constant evaporation rate was assumed as a simplification, based on the time required for 75% mass loss.
RESULTS
Exposure Conditions (Worker exposure data). During the monitored tasks solvent-
spraying periods lasted between 30-90 s [4, 5] . Figure S1a Immediately after spraying stops, we see a significant drop in concentration during the first 45 s, followed by a slower decline to background concentration levels [4] .
Effective Ventilation Rate. Solvent removal was estimated from Experimental data 1 after emissions stopped. Over the duration of the VOC removal period (t >30 s), the airexchange rate was 0.16 min -1 . However, segregating the VOC decline period into 2 phases ( Figure S3 ) produces two distinctly different effective air-exchange rates within the vicinity of emission, namely 2.0 min -1 for t=30s to t=75s and 0.13 min -1 afterwards until background is reached (t=675 s).
To test the predictive power of the models when detailed parameter values are not available, literature values for air-exchange rates in occupational settings were also used ( 
Solvent Distribution (Experimental data 2).
The VOC mass distribution showed a relatively constant allocation and was independent of the mass sprayed. Over 7 trials, 13.8%±2.3% of the mass sprayed was retained on the brake, 27.5%±15.9 % was lost as drip-off, and overspray to the surrounding air amounted to 58.7 %±16.1% (see Methods,
Experimental Data 2, and Figure S2 ).
Emission Rates. Based on Experimental data 1 Wilson et al [5] reported that, for a 30 s spraying period, the average amount of brake cleaner emitted as VOCs was 116 g. This corresponds to a constant emission rate of 3.87 g/s. The emission rate G can be Conditions (Experimental data 1)). For reproducing exposure data, we used solvent distribution, emission rates, effective ventilation rates for the inner zone, and air velocities as illustrated above. To test the predictive power of the models, we also used parameter values from the literature ( Table 1) . Figure S1c ) indicate a significant spatial stratification with distance from the emission [4, 5] . Nevertheless, we first calculated the temporal concentration profile using a one-box model, which lacks spatial resolution (Figure 1a) , in order to assess the reliability of a simple baseline model [17] . Figure 1a provides four different model estimations. The first three models (M0 one-box , M1 one-box and M2 one-box ) show the temporal concentration profile using a constant emission rate, but different ventilation rates (Table 1) . M0 one-box uses ventilation rates from the literature and therefore serves as an example for predictive modeling. M1 one-box uses an averaged ventilation rate obtained from Experimental data 1. In M2 one-box , the effective ventilation during 0-75 s, i.e., during spraying and the initial decline phase, was used (Table 1) . In a fourth model, M3 one-box , the same settings as in M2 one-box were used, but the emission rate was variable (Table 1) . In all cases, the breathing concentration of the workers is underestimated during the first 75 s of exposure. During the entire task, exposure is slightly overestimated by a factor of 1.3 for M0 one-box . For M1 one-box -M3 one-box the near-13 field exposure over the entire task is underestimated by factor of 1.5, 6.4, and 1.3, respectively. The one box model was then applied to a longer-term task (1.5 hours) consisting of repair on all four brakes of a car. A range of air-exchange rates between 0.5 and 5 h -1 was used (Section Effective ventilation rates). Figure 1d shows the modeled exposure conditions for the break inspection task IS-2 (Tables S1-S2) over 1.5 hours. An airexchange rate of 3 h -1 was used in the graph. In this case, the exposure concentration modeled was higher by approximately 33% and 10% of the BZ TWA-measured concentration, for the constant (M4 one-box ) and variable (M5 one-box ) emission rates, respectively ( Table 1 ). The far-field workers' exposure is overestimated by a factor of 16
One-box model. Monitored solvent values (
and 13 in M4 one-box and M5 one-box , respectively. Therefore, the model would have provided a conservative but not unreasonably high estimation of exposure. Two-box model. In a next step, an inner zone is used to provide more model detail and capture the elevated concentrations in the BZ. The Worker exposure data was considered in defining the size and geometry of the inner zone. Total VOC monitoring at 2 m from the source indicates that concentrations could be within 50% of the maximum levels in the BZ ( Figure S1c) . Additionally, the workers movements result in setting the innerzone as a hemisphere with a radius of 1.5 m, and an inner-zone volume of 7.1 m 3 . The air-exchange rate between inner and outer zones was approximated by calculating the product of the mean air velocity from Experimental data 2 and the free surface area through which exchange can occur [8] . Air velocity measurements indicate that conditions were different during and after spraying. In the first instance the average constant emission rate of 3.87 g/s is used, with the high inter-zonal exchange rate of 2.84 Table S1 ) [4] .
In a second estimation (M2 two-zone ) the same parameter values are used except for the emission rate, which was segregated into two vectors (smilar to M5 one-box , Table 1 ). This model more closely captures the magnitude of the BZ exposure level but underestimates exposures following spraying when concentration is rapidly declining. The same model conditions were then used to model the integrated exposure over task IS-2 (Table S2 ).
The case of M3 two-box is shown in Figure 1e The eddy-diffusion model has notable advantages over the bulk-mixing models because it can account for continuous concentration gradients with both time and distance [14, 26] . The ratios of the modeled concentration-to-emission rates, C avg (r)/G, were 
DISCUSSION
A previous qualitative assessment of exposure models showed that the three models evaluated here are compatible with the criteria and degree of detail of the environmental exposure models used for the assessment of human-health effects in LCA [17] . These models can be easily integrated into the current LCA framework. The applicability of box models within LCA has already been demonstrated for occupational exposure [18] , as has the use of multi-box models for residential exposure [27, 28] . The qualitative assessment identifies the available options, whereas the quantitative assessment of their application performed here allows for the demonstration, evaluation, and selection of appropriate models.
In applying the three criteria of fidelity, reliability, and transparency to the model evaluation, we make the following observations. The one-box model provides the highest level of transparency and ease of use, but lacks inherent fidelity with respect to spatially differentiated exposures [8, 29] . The fidelity and reliability of the two-box model in is an issue for all models because they must be calibrated to optimize their performance with respect to field data. For example, in spite of its inherently better fidelity, the eddydiffusion model lacks reliability because of the need to calibrate the diffusion parameter
D.
Recent studies examining the use of the same types of models in a range of indoor environments, have demonstrated their applicability, usefulness and predictive power by evaluating model performance with measured concentrations [30] [31] [32] . However, a number of studies investigating and evaluating model performance utilize measured data from existing studies [9, 13, 14, 33, 34] or data from controlled experiments [6, 10] .
Moreover, studies that provide measurements or apply measurements from existing studies show that in many cases the database is not sufficiently comprehensive [13, 14] .
The present study has the advantage of utilizing a relatively large amount of empirical data from monitoring studies in real settings and trial experiments in the same settings, or with the same product, to quantify as many model parameters as possible. Despite this rich data set, we demonstrate that the uncertainty of the models evaluated here can be quite large as previously seen [10, 35] . In the eddy-diffusion model, values for D must be fitted to the actual exposure data or obtained from the small number of empirical studies that have been published [12, 14-16, 36, 37] . For instance, Wadden et al. [14] determined D to be between 0.0016 and 0.027 m 2 /s in a metal-degreasing facility. Our diffusivity ranged from 0.0028 to 0.66 m 2 /s, and was therefore higher than the values reported in the literature [12, 14-16, 36, 37] . One reason for this is that the D estimation is based on measurement data during the spraying time and in the close vicinity to the source. The air velocity measurements performed during the Experimental data 2 experiments showed that velocities were more than an order magnitude higher during spraying than background conditions. Eddies transport mass, so an increase of air velocity associated with bulk movement will increase mass transport and reduce concentration gradients around the source. This illustrates one of the major drawbacks of generalizing and using default values for sensitive parameters, such as D, which display a large degree of variation.
The goal of integrating the assessment of health effects that result from indoor exposures into tools, such as LCA, requires the ability to quantify workers exposures.
The models investigated show that over extended time-periods they provide conservative estimates of the exposure levels and are within a factor of 2 of those measured for all cases. This is also the case when literature values on typical ventilation rates are used in the example of the one-box model. This complies with a risk assessment approach of erring on the side of precaution and also allows for their use in LCA studies.
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The key question is whether a standard default, "one-size-fits-all" model, for a first step in a tiered approach of assessing human-health impacts from indoor exposure is appropriate in RA and LCA. One might consider a homogeneously mixed-box model as a first step in identifying the need for a more detailed investigation for a specific indoor environment [17] . The approximation of evenly distributed pollutant concentrations in indoor air is common [38] , a practice that supports use of the one-box model. It is simple to use, has low input requirements, and demonstrates the relationship of emission-toexposure reasonably well in cases of equal dispersion [6, 9, 10, 13] . In the present case, while an examination of the first 100 s of exposure consistently underestimated the exposure, the time-integrated modelled levels provided better estimates. A similar picture is seen for the two-box model, which tended to overestimate the observed BZ concentration in the short time-frame but provided good estimates of the time-integrated exposure conditions.
We have produced a detailed experimental study to evaluate the performance of exposure models that can be used to address indoor exposures in comparative assessments. While this is a comprehensive study of one specific setting, the vast range of workplaces and exposure conditions requires an extensive qualitative assessment of the applicability of these models over a number of occupational environments. Future research on this issue should focus on the determination of parameter values and their distribution ranges in various types of indoor environments, using carefully controlled experimental conditions [39] . The current lack of data on indoor parameters of various M4 one-box G = 3.87 g/s (emission duration = 39 s) Emission duration was estimated from the amount applied during task IS2 (Table S2) 
